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ABSTRACT

A FORTRAN comput er program has been developed to nmpdel creep closure in
Strategic Petrol eum Reserve (SPR) caverns. These caverns, |eached in
Qul f Coast salt domes, contain a reserve of nearly 750-million barrels of
crude oil which is maintained by the U S. Departnent of Energy.
Historically, nost workers nodelling creep closure in SPR caverns and
simlar salt done cavities have enployed finite elenent nethods. Thi s
simplified creep nodel differs fromthese nethods in that it is not only
able to predict volunme |oss due to creep closure, but also the evolution
with time of wellhead pressure and oil/brine interface depth, as well as
the relationships between rate of fluid renoval or |eakage and
operational paraneters. In addition, this sinplified nodel is nuch Iess
conputationally intensive than the traditional nethods. This report, a
conpanion to an earlier report which docunented the npdel's nathenatics,
conputer algorithm and initial results, docunents the information
necessary to run the program and interpret the results and includes the
program s source code.



| NTRODUCTI ON

To devel op a creep closure nodel which could not only predict volune |oss
but al so changes in wellhead pressure, oil/brine interface depth, and
fluid renmoval rates with time, a sinplified approach was taken yielding a
nodel that is nmuch less conputationally intensive than standard
techni ques (such as finite element analysis). The mat hematics and
algorithm of this npdel have been documentedl and it is the purpose of
this document to guide users of the sinplified nodel, both in running the
programand in interpreting the results. In addition the FORTRAN source
code of the model is included in Appendix A

The program was witten with the goal of producing a user friendly
comput er nodel that not only modelled the behavior of actual SPR caverns
but al so produced data in a format which closely resenbled that of actua
caverns. In addition, this program was intended to be run on
m croconput ers. Most of the SPR cavern nodelling with this programto
data has been done on a Sun 386i workstation, requiring approximtely 2
hours for a 30 year sinmulation with a time step of 0.05 years.

PROGRAM DESI GN

As discussed in the Introduction, a primary goal of the nodel design was
to build an easy-to-use conputer programthat mmicked actual caverns,

both in behavior as well as in output data format. Thus the program has
been witten to run interactively, wth the user controlling cavern
operation from the termnal. For |onger calculations, the user's contro

inputs can be supplied by an input file. In addition, the program can
automatically simulate normal cavern operation w thout user interaction
by cal culating brine renoval rates which achieve the operational goal of
keepi ng the wellhead pressure constant.

The program requires one input file containing the nodel paraneters such
as cavern depth, initial wellhead pressure, etc., as well as the
program s control paranmeters, such as the tine step to be used for the
calculations. This input file is designated "sprcreep.1" by the FORTRAN
open statenent and is addressed by channel 1. A second input file,

"sprcreep.7", addressed by channel 7, is required if a cavern with an
initial geometry other than that of a right circular cylinder is used or

if the calculations are to begin from previous program output. If the
programis not run at constant wellhead pressure, the user nust input

when and how nuch brine and/or oil to renove. This can be done
interactively or with a third input file, *"sprcreep.9", addressed by
channel 9. These input files are addressed individually in the
di scussion bel ow.

The program generates three output files. The FORTRAN channel 2 is
defined by an open statement to be "sprcreep.2" and contains the input
paranmeters (from "sprcreep.1") followed by information generated at each
time step. The channel 3 definition, "sprcreep.3" contains information,

1



i ncluding cavern radius as a function of depth, r(z), whichis witten to
the file at evenly spaced increments in time, as specified by the user.
Finally, "sprcreep.8", the FORTRAN channel 8 output file, contains an
updated record of r(z). This record can be used as a channel 7 input to
restart the programif it should termnate prematurely due to hardware
errors. These output files are also discussed nore conpletely below.

Input Files
"sprcreep.1l"

An exanple of this file has been included in Fig. 1. The first two lines
of this input file include the parameters: "pPw", "Rft", "zt", "zb", and
"zi0", the initial wellhead pressure, the initial radius at the top of
the cavern, the distance fromthe surface to the top of the cavern, the
di stance fromthe surface to the bottomof the cavern, and the initial
distance from the surface to the oil/brine interface, respectively. The
next three lines contain the programs control paraneters. The progranis
tinme step in years, "deltat", should be taken to be 0.1 yrs or smaller
for most 30 year calculations. This parameter can easily be tinkered
with to determine the largest acceptable tine step needed for a
particul ar application. That is, by running the programwith a very
smal | timestep (for exanple, 0.005 - 0.01 years) followed by simlar runs
with larger tinmesteps, one can choose the largest value of "deltat" which
gi ves acceptable deviations in results fromthose produced by running the
program at the smallest tinestep. For nost uses, 0.05 years is
sufficiently small. The paraneter "tquit" is the time, in years, of the
final calculation. This paraneter is enforced regardl ess of the nbde of
operation. Thus the programwill cease running at this tinme, even if it

is running interactively. The paraneter "tdump" is the tine interval, in
years, at which the program records the calculated r(z) profile as well
as other paraneters, in "sprcreep.3" and "sprcreep.8". The next two

paranmeters, "LPtConst" and "Lternm’ are FORTRAN | ogical paranmeters which
are read with a formatted READ statenent, thus these variables, whether
"T" or "F", nust be placed in the correct colums. If the programis
running at constant wellhead pressure, "LPtConst" is set to "T" (true)
and the programwi |l renmove an appropriate anount of brine every "DtMb"
years. If the user desires a continuous oil leak (calculated every tine
step), "bcleak" defines the tine, in years, at which the leak is to
begin, m"ecleak" is the tine, in years, at which the leak is to end, and
"Bcrenove" is the leak rate in barrels of oil per tinme step. If
"LPtConst" is "F" (false), the programwill allow the wellhead pressure
to vary according to inputs either fromthe user's termnal (if "Lternt
is "T") or fromthe file "sprcreep.9" (if "Lternt is "F"). This feature
of the programis discussed nore conpletely in the text that follows.
The paraneter "spgr® is sinply the specific gravity of the oil. The next
set of parameters in the "sprcreep.1" input file, "Klitho", "E", "nmu",
"A yr", "Elast", and "nu" are defined in the two equations that follow,
the creep and elastic response equations. The creep equationl is:

5.5
K,. z - P(Z)l ’
- E I litho
Ar_ = R A At exp[Rg T] { " } (1)
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600

2000
0.05
0.10

T

150.0
1.0
2.4309e+29
4.166e6
7.778e-3
10000

100.0
4000

1.0

0.35

F

0.876
12581. 78

0.30
299. 44

Figure 1

"sprcreep.1" I nput File for
a Run at Constant Py

3750
0.50
0.85

1.23188e6

Pw (psia) Rft (ft)

zt (ft) zb (ft)
deltat (yr) tquit (yr)
DtMb (yr) bcleak (yr)
LPtCONST Lterm

Bcrenove (bbl/deltat)
Klitho (psial/ft) E (K)

A_yr (1/yr)
El ast (psia) nu
mT (K/ft) bT (K

nrpts

zi0 (ft)
tdunmp (yr)
ecleak (yr)

spgr
mu (psia)



where Are is the change in radius due to creep closure, R the initial
cavern radius, Rg the gas constant, T is tenperature, and At is the tine
st ep. The elastic response (time-independent) equation for cylindrical
geometry? is:

s, - - (251 - ] 2)

where Are is the change in radius due to the cavern's elastic response,

Ap the change in pressure, r the radius, Em the nodulus of elasticity,
and v Poisson's ratio. Recasting these equations in terns of the
"sprcreep.l™ input paraneters is done as foll ows:

Vari abl e Nane From "sprcreep.1" I nput File
Equation (1) or (2) Vari abl e Nanme
R Rf t
A A yr
At del t at
E/Rg E
3 nmu
Klitho Klitho
Em El ast
14 nu

The input paraneters "mT" and "bT" are the constants which control the
model's linear tenperature profile according to the equation,

T = mT z + bT (3)
The final paranmeter in the "sprereep.1" input file, "nrpts", is used to
define the size of two arrays which are used to store the radius and
pressure as functions of depth, r(z) and P(z). The m ni mum nunber of
poi nts necessary to insure accuracy for a 2000 ft cavern was found to be
ten thousandl. The input parameters in "sprcreep.l" are |isted, defined,

and dinensionalized in Appendix B.
"sprcreep.9"

If the input paranmeter "LPtConst" is true, the program will run at
constant wellhead pressure, renoving brine and oil as defined by the
i nput paraneters contained in "sprcreep.l", as discussed above. |If
"LPtConst" is false, the program needs to know when and how to renove
brine or oil. The brine and oil rempval for a nonconstant Py run can be
input to the program one of two ways, depending on whether the programis
running interactively. If the programis running interactively, "Ltern
nmust be true, and the program will pronpt the user for the necessary
i nf ormati on. If the user wishes the programto run automatically,
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W t hout having Py constant, "Lterm" nust be false and the information
that would have been input at the termnal nust be supplied by an
additional input file "sprcreep.9". Thus , if the programis running
neither interactively (i.e. the programis running with "Lternmt fal se)
nor at constant Py (i.e. the programis running w th "LPtConst" fal se),
the programwill require an additional input file. In either case, the
brine and oil renoval amounts specified by the user should be per tinme
step. Exanples of all nodes of operation are included bel ow

"sprcreep.7"

As discussed above, the program can be run from a previous r(z)

configuration. This sinply requires the previous output of Py, zi, and
r(z) at the end of the last run (contained in the "sprcreep.8" out put
file as discussed below) to be used as input for the current run. This

is acconplished by copying the appropriate "sprcreep.8" file to the nane
"sprcreep.7" and setting "nrpts" to O in the "sprcreep.l" input file.
This signals the programto |ook for "sprcreep.7" and use its contents
for inital wellhead pressure, initial interface depth, and initial r(z).
Operated in this node, the values of initial wellhead pressure and
interface depth from "sprcreep.7" take priority over the values in
"sprcreep.1". It is the user's responsibility to ensure that the other
vari ables in "sprecreep.l" are appropriate for the new run. An exanple of
this operation is discussed in the text that foll ows.

Output Files

“sprcreep.2"

Wien the program begins, it imediately records the "sprecreep.l" input
vari ables and the initial masses of oil and brine in the "sprcreep.2"
output file. The "sprcreep.2" output file is then used to record the
time, wellhead pressure, interface depth, total volune, masses of brine
and oil, and volune of brine and oil renpved, at each tine step. When
the program finishes, the barrels of brine and oil renoved are totalled
and included at the end of this file. The "sprcreep.2" file is therefore
best used to nonitor the evolution of wellhead pressure, interface depth,

and volume loss with time. An exanple of this output file for a constant
wellhead pressure cal culation has been included in Fig. 2.

"sprcreep. 3"

This file is used primarily to record the cavern radius profile, r(z), at
the beginning and end of the calculations as well as at "tdump" tine
intervals, in years, in between. Wien an r(z) profile is dunped to this
file, other parameters are also recorded, such as the pressure and

tenperature profiles with depth, P(z) and T(z). In addition, severa

variables are included in the far right colum. The identity of the
first two of these variables, "Pw" and "zi" are obvious, wellhead
pressure and interface depth. The next three variables are also self

expl anat ory: the mass of brine, the volunme of brine renobved (barrels) at
the current tine step, and the cunulative anount of brine renoved
(barrels) up to and including the current tine. Three simlar paraneters
for the oil follow This list of parameters concludes with the vol unes



Pw

zt

del t at
DtMb
LPtConst
Bcrenove
Klitho
A yr

El ast

mT

nrpts

Figure 2

"sprcreep.2" Qutput File

a Run at Constant Py

600. 00000 Rft 100. 00000

2000. 00000 =zb 4000. 00000

0.05000 tquit 1. 00000

0. 10000 ©bcleak 0. 35000

T Lterm F

150. 00000  spgr 0. 87600

1. 0000 E 12581. 78000
0.24309E+30

0.41660E+07 nu 0. 30000

0.77780E-02 bT 299. 44000
10000

Mass (t = 0) of Crude and Brine in reduced units

Mc @t =
Mb@t=
time
(yrs)

. 000
. 050
100
150
200
250
300
350
400
. 450
500
. 550
. 600
. 650
. 700
750
800
850
900
950
. 000

HFOOO00000000000000000

for

Zio 3750. 00000
t dunp 0. 50000
ecl eak 0. 85000
mu 0.12319E+07

0 (in units of 10%%6 kg) 1332.489
O (in units of 10%*6 kg) 265.106
Pw z1 Vtot Mo Mc Brine Crude
(psia) (ft) 6 3 6 Renoved Renoved
(10 ft ) -(10 kg)- (bbl) (bbl)
599.999 3750. 000 62.830 265.11 1332.49 0.0 0.0
608. 826 3749. 967 62. 827 265.11 1332.49 0.0 0.0
599.999 3750.075 62. 825 264.94 1332.49 875.0 0.0
608. 825 3750. 042 62. 822 264.94 1332.49 0.0 0.0
599.999 3750. 151 62.820 264.77 1332.49 874.9 0.0
608. 825 3750.118 62.817 264.77 1332.49 0.0 0.0
599.999 3750. 226 62. 815 264.61 1332.49 874.8 0.0
605. 780 3750.190 62.812 264.61 1332.47 0.0 150.0
599.999 3750. 247 62.810 264.50 1332.45 573.0 150. 0
605.779 3750.211 62.807 264.50 1332.43 0.0 150. 0
599.999 3750. 268 62.805 264.39 1332.41 572.9 150. 0
605. 778 3750. 232 62. 802 264.39 1332.38 0.0 150.0
599.999 3750. 289 62.800 264.28 1332.36 572.8 150.0
605. 778 3750. 253 62. 797 264.28 1332.34 0.0 150.0
599.999 3750. 310 62.795 264.17 1332.32 572.8 150. 0
605.777 3750. 273 62.793 264.17 1332.30 0.0 150.0
599.999 3750. 330 62.790 264.06 1332.28 572.7 150.0
608. 823 3750. 297 62. 788 264.06 1332.28 0.0 0.0
599.999 3750. 406 62.785 263.89 1332.28 874.3 0.0
608. 822 3750.373 62. 783 263.89 1332.28 0.0 0.0
599.999 3750. 482 62. 780 263.73 1332.28 874.2 0.0

1500. 00



of the space occupied by the brine, oil, and the total cavern volune, al
in cubic ft. An exanple of the "sprcreep.3" output file for the program
running in constant wellhead pressure node has been included in Fig. 3.

"sprcreep.8"

In addition to witing the r(z) profile to "sprcreep.3" at "tdunp”
intervals, the programrecords the pressure at the top of the cavern, the
interface depth, the nunber of points in the r(z) array, and the r(z)
array itself in the output file "sprcreep.8". This feature of the
programallows it to be easily restarted in the event of a hardware
failure, saving both real and CPU tine. Because this file is intended to
be used as an input configuration to restart the program (i.e. as the
input file "sprcreep.7") the information contained in this file remains
nondi mensional, in the format used in the programitself. The program s
nondi mensi onal i zation is documented with source code comment statements
(Appendix A) as well as in Appendix B. Furthernore, in the event of a
program restart, only the nost recent r(z) witten to "sprcreep.8" is
required, thus when this information is witten to the file, it
overwites the previously recorded information. This is acconplished by
a FORTRAN REWND statement after each r(z) dunp to "sprcreep.8". An
exanple of this file has been include in Fig. 4, with only the first 10
points of the r(z) array.

EXAMPLES

This creep closure nmodel for SPR caverns allows several different types

of anal yses. For exanple the program can be operated in constant
wellhead pressure node as in the above figures. In this node, "LPtConst"
is chosen to be true, and the program renoves ambunts of brine cal cul ated
to be appropriate for maintaining constant wellhead pressure. The user

defines how often brine is to be renoved for this purpose (at intervals
of "DtMb" years) and if, when, and how much oil should be | eaked using
the paraneters "bcleak", "ecleak", and "Bcrenove". In the above exanple

the user instructed the programto renove brine at every second tinme
st ep. This was done by setting the brine renmoval interval "DtMb" equa

to 0.1 years while the tine step "deltat" was set to 0.05 years. In
addition, the user set "bcleak" to 0.35 years, "ecleak" to 0.85 years,

and "Bcrenove" to 150 barrels, therefore the program!eaked oil at the
rate of 150 barrels per time step from 0.35 years to 0.85 years. As seen
fromFig. 2, the program cal culated the brine necessary to be renoved
every 0.1 years to bring the wellhead pressure back to its origina

val ue. Thi s amount was dependent on if, and how much oil was | eaking
from the cavern. As seen in Fig. 3, the programrecorded the radial
profile at the beginning of the program (tine = 0.0 years), and at
"tdump" intervals (in years) thereafter.

If the program is operated in a nonconstant wellhead pressure node
("LPtConst" false), the user nust decide if the programis to be run
interactively. If so, "Lterm is chosen to be true. An exanpl e of
"sprcreep.l” with this selection is shown in Fig. 5



time (yrs )

z r
(ft) (ft)
2000. 00 100. 00
2040. 00 100. 00
2080. 00 100. 00
2120.00 100. 00
2160. 00 100. 00
2200. 00 100. 00
2240. 00 100. 00
2280. 00 100. 00
2320. 00 100. 00
2360. 00 100. 00
2400. 00 100. 00
2440. 00 100. 00
2480. 00 100. 00
2520. 00 100. 00
2560. 00 100. 00
2600. 00 100. 00
2640. 00 100. 00
2680. 00 100. 00
2720. 00 100. 00
2760. 00 100. 00
2800. 00 100. 00
2840. 00 100. 00
2880. 00 100. 00
2920. 00 100. 00
2960. 00 100. 00
3000. 00 100. 00
3040. 00 100. 00
3080. 00 100. 00
3120. 00 100. 00
3160. 00 100. 00
3200. 00 100. 00
3240. 00 100. 00
3280. 00 100. 00
3320. 00 100. 00
3360. 00 100. 00
3400. 00 100. 00
3440. 00 100. 00
3480. 00 100. 00
3520. 00 100. 00
3560. 00 100. 00

P

Figure 3

"sprcreep.3™ Qutput File for

0.00000

(psia)

1359
1374.
1389
1404.
1419
1433
1448
1463
1478
1493
1508
1523
1537
1552
1567
1582
1597
1612
1627
1641.
1656
1671.
1686
1701.
1716
1730
1745
1760
1775
1790
1805
1819
1834.
1849
1864.
1879
1893
1908
1923
1938

51
39
27
14
01
88
75
62
48
35
21
07
92
78
63
48
33
18
02
87
71
55
38
22
05
88
71
54
37
19
01
83
65
46
28
09
90
71
52
32

T

(K)
315.
315.
315.
315.
316.
316.
316.
317.
317.
317.
318.
318.
318.
319.
319.
319.
319.
320.
320.
320.
321.
321.
321.
322.
322.
322.
323.
323.
323.
324.
324.
324.
324.
325.
325.
325.
326.
326.
326.
327.

00
31
62
93
24
55
86
17
48
80
11
42
73
04
35
66
97
29
60
91
22
53
84
15
46
77
09
40
71
02
33
64
95
26
57
89
20
51
82
13

a Run at Constant Py

Pw (psia)
z1 (fv)
Mb (1076 kg)
-Brine (bbl)
-Brine tot (bbl)
Mc (1076 kg)
-Crude (bbl)

-Crude tot (bbl)
vb (1076 ft"3)
Ve (1076 ft"3)
Vtot (1076 £ft"3)

999
000
106

. 002
. 002

489

. 000
. 000
. 853
977
. 830



3600
3640
3680
3720
3760
3800
3840
3880
3920
3960

tinme

(ft)
2000
2040
2080
2120
2160
2200
2240
2280
2320
2360
2400
2440
2480
2520
2560
2600
2640
2680
2720
2760
2800
2840
2880
2920
2960
3000
3040
3080
3120
3160
3200
3240
3280
3320
3360
3400
3440
3480
3520

00
00
00
00
00
00
00
00
00
00

(yrs

00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00

100. 00
100. 00
100. 00
99. 99
99. 99
99. 99
99. 99
99. 99
99. 99
99. 99

(fr)
100. 00
100. 00
100. 00
100. 00
100. 00
100. 00
100. 00
100. 00
100. 00
100. 00
100. 00
100. 00
100. 00
100. 00
100. 00
100. 00
100. 00
100. 00
100. 00
100. 00
100. 00
100. 00
100. 00
100. 00
100. 00

99. 99

99. 99

99. 99

99. 99

99. 99

99. 99

99. 99

99. 98

99. 98

99. 98

99. 98

99. 97

99. 97

99. 97

1953. 12
1967. 92
1982. 72
1997. 52
1997. 52
1997. 52
1997. 52
1997. 52
1997. 52
19¢7.52

0. 50000

P
(psia)
1359. 51
1374. 39
1389. 27
1404. 14
1419. 01
1433. 88
1448. 75
1463. 62
1478. 48
1493. 35
1508. 21
1523. 07
1537. 92
1552. 78
1567. 63
1582. 48
1597. 33
1612. 18
1627. 02
1641. 87
1656. 71
1671. 55
1686. 38
1701. 22
1716. 05
1730. 88
1745. 71
1760. 54
1775. 37
1790. 19
1805. 01
1819. 83
1834. 65
1849. 46
1864. 28
1879. 09
1893. 90
1908. 71
1923. 52

327. 44
327.75
328. 06
328. 37
328. 69
329.00
329.31
329. 62
329.93
330. 24

(X)
315.00
315.31
315. 62
315.93
316. 24
316. 55
316. 86
317. 17
317. 48
317. 80
318.11
318. 42
318.73
319. 04
319. 35
319. 66
319. 97
320. 29
320. 60
320.91
321. 22
321.53
321. 84
322.15
322. 46
322.77
323.09
323. 40
323.71
324.02
324. 33
324. 64
324.95
325. 26
325.57
325. 89
326. 20
326.51
326. 82

Pw (psia)
zi (ft)
Mb (1076 kg)
-Brine (bbl)
-Brine tot (bbl)
\Y;o (1076 ko)
- Crude (bbl)

-Crude tot (bbl)
vb  (10%6 ft"3)
Ve (10°6 ft"3)
Vtot (1076 £ft"3)

599.
3750
264.
572.
3770
1332
150
600
. 832
54
62.

999
268
387
949
763
406
000
000

973
805



3560. 00 99. 96
3600. 00 99. 96
3640. 00 99.95
3680. 00 99.95
3720. 00 99. 94
3760. 00 99.93
3800. 00 99.93
3840. 00 99. 92
3880. 00 99.91
3920. 00 99.90
3960. 00 99. 89
time (yrs )
b4 r
(fr) (fr)

2000. 00 100. 00
2040. 00 100. 00
2080. 00 100. 00
2120. 00 100. 00
2160. 00 100. 00
2200. 00 100. 00
2240. 00 100. 00
2280. 00 100. 00
2320. 00 100. 00
2360. 00 100. 00
2400. 00 100. 00
2440. 00 100. 00
2480. 00 100. 00
2520. 00 100. 00
2560. 00 100. 00
2600. 00 100. 00
2640. 00 100. 00
2680. 00 100. 00
2720. 00 100. 00
2760. 00 100. 00
2800. 00 99.99
2840. 00 99.99
2880. 00 99.99
2920. 00 99.99
2960. 00 99.99
3000. 00 99.99
3040. 00 99.99
3080. 00 99.99
3120. 00 99.98
3160. 00 99.98
3200. 00 99.98
3240. 00 99. 97
3280. 00 99. 97
3320. 00 99. 97
3360. 00 99. 96
3400. 00 99. 96
3440. 00 99.95
3480. 00 99. 94

1938.
1953.
1967.
1982.
1997.
1997.
1997.
1997.
1997.
1997.
1997.

32
12
92
72
52
52
52
52
52
52
52

1. 00000

P

(psia)

1359.
1374.
1389.
1404.
14109.
1433.
1448.
1463.
1478.
1493.
1508.
1523.
1537.
1552.
1567.
1582.
1597.
1612.
1627.
1641.
1656.
1671.
1686.
1701.
1716.
1730.
1745

1760

1775

1790

1805

1819

1834.
1849

1864.
1879

1893

1908

51
39
27
14
01
88
75
62
48
35
21
07
92
78
63
48
33
18
02
87
71
55
38
22
05
88
71
54
37
19
01
83
65
46
28
09
90
71

327.
327.
327.
328.
328.
328.
329.
329.
329.
329.
330.

(X)
315.
315.
315.
315.
316.
316.
316.
317.
317.
317.
318.
318.
318.
319.
319.
319.
319.
320.
320.
320.
321.
321.
321.
322.
322.
322.
323.
323.
323.
324.
324.
324.
324.
325.
325.
325.
326.
326.

13
44
75
06
37
69
00
31
62
93
24

00
31
62
93
24
55
86
17
48
80
11
42
73
04
35
66
97
29
60
91
22
53
84
15
46
77
09
40
71
02
33
64
95
26
57
89
20
51

Pw (psia)
Zi (fv)
Mb (1076 kg)
-Brine (bbl)
-Brine tot (bbl)
Ve (1076 kg)
- Crude (bbl)

-Crude tot (bbl)
vb (1076 £t"3)
Ve (10"6 ft"3)
Vtot (1076 £t"3)

10

599.
3750
263.
874.
7237
1332
. 000
1500
7.
54.
62.

999
482
725
165
432
280

000
812
968
780



3520.
3560.
3600.
3640.
3680.
3720.
3760.
3800.
3840.
3880.
3920.
3960.

00
00
00
00
00
00
00
00
00
00
00
00

99.
99.
99.
99.
99.
99.
99.
99.
99.
99.
99.
99.

94
93
92
91
90
88
87
86
84
83
81
79

1923.
1938.
1953.
1967.
1982.
1997.
1997.
1997.
1997.
1997.
1997.
1997.

52
32
12
92
72
52
52
52
52
52
52
52

326.
327.
327.
327.
328.
328.
328.
329.
329.
329.
329.
330.

82
13
44
75
06
37
69
00
31
62
93
24

11
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oleoloolololoNoNeNe]

Figure 4

A Partial Listing of the
"sprcreep.8" Qutput File for
a Run at Constant Py

.7293006689549271E-03  37.50481674573856

10000

. 9999990339360508
.9999990326974712
.9999990314575117
.9999990302161711
.9999990289734481
.9999990277293415
.9999990264838496
. 9999990252369714
. 9999990239887055
. 9999990227390507

12



600

2000
0.05
0.10

F

150.0
1.0
2.4309e+29
4.166e6
7.778e-3
10000

100.0
4000

1.0

0.35

T

0. 876
12581. 78

0.30
299. 44

Figure 5

"sprcreep.1” Input File for
an Interactive Run at Nonconstant Py

Pw (psia) Rft (ft)
3750 zt (ft) zb (ft)
0. 50 del tat (yr) tquit (yr)
0.85 DtMb (yr) bcleak (yr)
LPtCONST Lterm

Bcremove (bbl/deltat)

1.23188e6 Klitho (psia/ft) E (K)
A_yr (1/yr)
El ast (psia) nu
mT (K/ft) bT (K)
nrpts

13

zi0 (ft)
tdump (yr )
ecleak (yr)

spgr
mui (psia)



Figure 6

Termnal Log for
an Interactive Run at Nonconstant Py

$ run creepl3

tinme Pw zi Vtot Mb Mc Brine Crude
(yrs) (psia) (ft) 6 3 6 Renoved Renpved
(10 ft ) -(10 kg)- (bbl) (bbl)
0. 000 600. 000 3750. 000 62.830 265.11 1332.49 0.0 0.0
*kk The current time is . . . *hk
0. 050

*** Nunber of barrels brine renoved & ***
*%*x Nunber of barrels crude |eaked ? ***

*** (enter a negative nunber for *kk
*h* either to terminate this run) %%
0.0
0.0

%% Enter the tinme intervals on brine #***%
and crude renovals (yrs) *kk

*** Enter the last tine at which to dkKk
*** renpve these anmounts of brine and ***
*okk crude (yrs) e

14



0.20
0. 050
0. 100
0.150
0. 200

*xk

608. 826 3749. 967
617.403 3749.934

625. 743
633. 860

The current time is .

3749. 903
3749. 872

0. 250

62. 827
62. 825
62. 823
62. 821

265.11
265.11
265.11
265.11

*%kk

*** Nunber of barrels brine renpved & ***
*** Nunber of barrels crude | eaked
*%% (enter a negative nunber for

*%x%

100.0
200.0

either to ternminate this run)

7 dkk
*%k
*kk

*%* Enter the tine intervals on brine %%
and crude renmovals (yrs)

*%%k

0.10
0.05

*%* Enter the last time at which to
*%** renove these anounts of brine and ***
crude (yrs)

*xk

0. 250
0. 300
0. 350
0. 400
0. 450

*kXk

635. 700
639. 485
641.178
644. 820
646. 373

The current time is .

3749. 854
3749. 820
3749. 803
3749. 770
3749. 753

0. 500

62. 819
62. 817
62. 814
62. 812
62. 810

* kK

kxk

*x%k

265. 09
265. 09
265. 07
265. 07
265. 05

*k*k

*** Nunber of barrels brine renoved & *%*

*%% Nunber

of barrels crude | eaked

**%*% (enter a negative nunmber for

*%k*x

egither to termnate this run)

7 dkk
*kk
Fk%k

15

1332. 49
1332. 49
1332. 49
1332. 49

1332. 46
1332. 43
1332. 41
1332. 38
1332. 35

[EEN

[EEY
SoSod
[eoNoNoNoeNo]

[EEN

oocoo
OO OO

ococoo
[N o No N

200.0
200.0
200.0

©200.0

200.0



50.0
0.0

*%% Enter the tine intervals on brine %%
and crude renovals (yrs)

*%k*%

* Kk

*hk

1.5
0. 500 652
0. 550 659
0. 600 665
0. 650 671.
0.700 677.
0.750 683.
0. 800 689.
0. 850 694.
0.900 700.
0.950 705.
1. 000 710.

FORTRAN STOP

crude (yrs)

957
375
635
743
705
529
218
779
216
533
735

3749
3749
3749
3749

3749. 654

3749
3749
3749
3749
3749
3749

. 132
.112
. 692
. 673

. 636
. 618
. 600
. 583
. 567
. 551

62
62
62
62
62
62
62.
62.
62.
62.
62.

Enter the last time at which to

808
806
805
803
801
799
797
796
794
792
791

*kk

ki
*** renpve these anounts of brine and *%*

dkk

265.
265.
265.
265.
265

264.
264.
264.
264.
264.
264.

04
03
02
01
00
99
98
97
96
95
94

16

1332.
1332.
1332.
1332.
1332
1332
1332
1332
1332
1332
1332

35
35
35
35
35
35
35
35
35
35
35

50.
50.
50.
50.
50

50.
50.
50.
50.
50.
50.

QOO OO ODOCDOOOO

COLOOOLOOo 00

O OO O OO0 OO OO0



Pw

Zt

del t at
DtMb
LPtConst
Bcr emove
Klitho
A yr

El ast

mT

nrpts

an |

600. 00000
2000. 00000
0. 05000
0. 10000

F

150. 00000
1. 0000
0.24309E+30
0.41660E+07
0.77780E-02

10000

Figure 7

"sprcreep.2® Qutput File for
nteractive Run at Nonconstant Py

Rf t 100. 00000

zb 4000. 00000 zio
tquit 1. 00000 tdunp
bcleak 0. 35000 ecl eak
Lterm T

spgr 0. 87600

E 12581. 78000 nu

nu 0. 30000

bT 299. 44000

Mass (t = 0) of Crude and Brine in reduced units

Mc @t =20 (inunits of 10%%*6 kg) 1332.489
Mb@t=20 (inunits of 10%¥*¥6 kg) 265. 106

time
(yrs)

. 000
. 050
100
150
. 200
. 250
. 300
. 350
400
450
. 500
. 550
. 600
. 650
. 700
. 750
. 800
. 850
900
950
. 000

POOOOO0OO0OO0OO0OO0O0O0O0O0O0OO0OOOO

Pw
(psia)

600.
608.
617.
625.
633.
635.
639.
641.
644.
646.
652.
659.
665.
671.
677.
683.
689.
694.
700.
705.
710.

000
826
403
743
860
700
485
178
820
373
957
375
635
743
705
529
218
779
216
533
735

zi

(ft

3750
3749
3749
3749
3749
3749
3749
3749
3749
3749
3749
3749
3749
3749
3749
3749
3749
3749
3749
3749
3749

Vtot Vb Mc
) 6 3 6
(10 ft ) -(10 kg)-

000 62.830 265.11 1332.49
967 62.827 265.11 1332.49
934 62.825 265.11 1332.49
903 62.823 265.11 1332.49
872 62.821 265.11 1332.49
854 62.819 265.09 1332.46
820 62.817 265.09 1332.43
803 62.814 265.07 1332.41
770 62.812 265.07 1332.38
753 62.810 265.05 1332.35
732 62.808 265.04 1332.35
712 62.806 265.03 1332.35
692 62.805 265.02 1332.35
673 62.803 265.01 1332.35
654 62.801 265.00 1332.35
636 62.799 264.99 1332.35
618 62.797 264.98 1332.35
600 62.796 264.97 1332.35
583 62.794 264.96 1332.35
567 62.792 264.95 1332.35
551 62.791 264.94 1332.35

17

3750. 00000
0. 50000
0. 85000

0.12319E+07

Brine Crude
Renpved Renpved
(bbl) (bbl)

0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
100.0 200.0
0.0 200.0
100.0 200.0
0.0 200.0
100.0 200.0
50.0 0.0
50.0 0.0
50.0 0.0
50.0 0.0
50.0 0.0
50.0 0.0
50.0 0.0
50.0 0.0
50.0 0.0
50.0 0.0
50.0 0.0
850. 00 1000.00



600

2000
0.05
0.10

F

150.0
1.0
2.4309e+29
4.166e6
7.778e-3
10000

100.0
4000

1.0

0.35

F

0.876
12581. 78

0.30
299. 44

Figure 8

"sprcreep.1” Input File for
a Noninteractive Run at Nonconstant Py

3750
0.50
0.85

1.23188e6

Pw (psia) Rft (ft)

zt (ft) zb (ft)
deltat (yr) tquit (yr)
DtMb (yr) beleak (yr)
LPtCONST Lterm

Bcrenmove (bbl/deltat)
Klitho (psia/ft) E (K)

A_yr (1/yr)

El ast (psia) nu

mT (K/ft) bT (K)
nrpts

18

zio (ft)
tdump (yr)-
ecleak (yr)

sSpgr
mu (psia)



FOOO00000000000O0

Figure 9

"sprcreep.9" Input File for
a Noninteractive Run at Nonconstant Py

. 250 100.0 200.0
. 300 0.0 200.0
. 350 100.0 200.0
. 400 0.0 200.0
450 100.0 200.0
. 500 50.0 0.0
. 550 50.0 0.0
600 50.0 0.0
650 50.0 0.0
700 50.0 0.0
750 50.0 0.0
800 50.0 0.0
850 50.0 0.0
900 50.0 0.0
950 50.0 0.0
. 000 50.0 0.0

19



In this nmode, the programfirst records the initial information in
"sprereep.2" and "sprcreep.3™ and then pronpts the user for brine and oi
renoval information. The program does this by announcing the current
tine, then asking for the nunmber of barrels of brine and oil to be
removed, the tine steps for these renovals, and the ending time for this
information. The program then calulates the evolution of the system for
these conditions and pronpts the user for the next round of information
when the end time is reached. An exanple of the term nal output when the
programis run in this node on a Digital Equi pment Corporation VAX
conputer has been included in Fig. 6, with the "sprcreep.2" file included
in Fig. 7. Notice that the program stops at the "tquit® specified in the
"sprcreep.1" input file--the user interacting with the program cannot
override this paraneter from the termnal

If the user chooses to run the program autonatically, the information
that the user would have provided the programinteractively nust be

contained in an input file "sprcreep.9". For example, if the above
nonconstant Pw run were to be done automatically, "sprereep.l" would need
to have "Ltermt set to false as in Fig. 8. In addition, "sprcreep.9" in

the formof Fig. 9 would need to be available to the program The
"sprcreep.9" file, as seen in Fig. 9, contains all time steps, in the
first colum, at which nonconstant amounts of brine and/or oil are to be
removed. These anounts are contained in the second and third col ums
respectively, and are in barrels per time step.

SUMVARY

Wth this sinplified creep closure conputer program the user can node
several different phenomena which occur in SPR caverns. The program has
been designed to be easy to use and to provide information in nmuch the
same format as would be expected froma real SPR cavern. In particular,
the user can sinulate normal cavern operational methods by selecting the
constant wellhead pressure option and setting "DtMb,™ the interval at
which brine is renoved. By operating the program interactively, the user
can quickly learn how the program operates while nodelling short segments
of cavern operation. Finally, through the use of the "sprcreep.9" input
file, this program can by used to investigate creep closure with actua
operational paraneters over extended periods of tine.
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Appendi x A

Simplified Creep Mdel FORTRAN Source Code

creep. for
March 27, 1991

This version was docunented for the SAND report user's guide.

M crosoft (MS) Fortran compatability revision by P.S. Kuhlman 2/11/91.
To run under NS Fortran, Sinply remove the Cs in the lines

comrented with Cs. Note that instead of using DO WH LE statenents,
IF (...) GOTO's have been used. Wiile this is not according to strict
Fortran 77 structured progranmng guidelines, it is conpatible with M
Fortran.

Subroutines and Functions:

subroutine start................ .This routine reads in the input
parameters, sets-up other constants,
and initializes the arrays for the
nunerical integration.

function MassCrude(z)......... This function subroutine calcul ates
the differential mass of the crude,
i.e. when integrated, it yields the
mass of the crude

function MassBrine(z)....... .. This function subroutine cal cul ates
the differential nmass of the brine
i.e. when integrated, it yields the
mass of the brine

function VolCrude(z)............. This function subroutine calculates
the differential volune of the crude.
i.e. when integrated, it yields the
vol ume of the crude

function VolBrine(z)............ .This function subroutine cal cul ates
the differential volune of the brine
i.e. when integrated, it yields the
vol une of the brine

function Pcrude(z)............... This function returns the pressure in
the cavern in the crude oil region. It
requires an integration and therefore a
second routine, PcInteg is called as an
argunent of the integration routine
ggaus2.

function PcInteg(z)........o..... This function, When integrated, provides

23



functi on Pbrine(z).....

subroutine iterate(Mnow, Mcnow) ..

subrouti ne qgaus(func,a,b,ss)....

subroutine qgaus2(func,a,b,ss)...

kO ok ok b ok gk ok % 3k % N % ok % Sk % ok Ok % % Ok % % % F ¥ % % ¥ % ¥

*

* First, declare the variables in e
* in simlar fashion at the beginn
*

* implicit none

C SNOTRUNCATE
real *8 Pw, Rft
real *8 zt,zb,zi0
real *8 deltat, tquit, tdump
real *8 DtMb,bcleak,ecleak
| ogi cal LPtConst,Lterm
real *8 Bcrenove, spgr
real *8 Klitho, E, mu
real *8 A_yr
real *8 Elast,nu
real *8 mT,bT
integer nrpts

real *8 bigX,bigY

real *8 Mbblb,Mbblc

real *8 CcP_psia,CcT_K,Ccrg cm3
real *8 Crho, CP

a necessary piece of the equation to
cal cul ate Pcrude, and is called by the
function subroutine Pcrude

. ..This function returns the pressure in the
cavern in the brine region

functi on radius(z,Pcavern)....... The function 'radius' returns a val ue

for r(z) at the current tine. This

is done by first "looking up" the value
of r(z) at the previous time step and
then, by using the creep equation to
calculate the change in r at that z,
calculating a new r(z). Pcavernis the
pressure in the cavern at z, supplied as
either "Pcrude" or "Pbrine".

subroutine output................ This subroutine, called after every

tine step, records the calculated
i nformati on.

This subroutine perfornms the iteration
for "zi" and "Pt" using the nass bal ance
equations for brine and crude

This is the first of two subroutines
used to performthe nunerical integrations
required.

This is the second of two subroutines
used to performthe nunerical integrations
required.

ach conmmon block. This is done
ng of each subroutine.
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*

% % % % % %

real *8 CT,CT2,CT3
real *8 al phac, al phab

real *8 xinteg, w nteg
di nensi on xinteg(5),winteg(5)

real *8 Pt,Pt0,Pi,zi,time,rsave,Psave
real *8 deltazr ,Mbremove ,Mbremovet,Mcremove ,Mcremovet

real *8 phi,bigl,bigII,biglIlIl

Next, declare the variables used in the main program

integer i
integer icountm
real *8 DtMc

real *8 itMbremove, itMcremove
real *8 ittime,itquit

real *8 Mc,Mb,Vc,Vb
real *8 Mbt0,Mct0
real *8 z

r eal * 8 Mbnow,Mcnow

real *8 Mbnowp, Mbnowm

real *8 Mbremovep,Mbremovem
real *8 Ptp, Ptm

real *8 delta, sl ope,error

Declare and externalize the function subroutines.

real *8 radius

real *8 Pbrine, Pcrude

real *8 MassCrude, MassBri ne
real *8 Vol Crude, Vol Bri ne

ext er nal MassCrude
ext ernal MassBrine
ext ernal VolCrude
external VolBrine

Set-up all commn blocks used in the program  The subroutines
include only the comon bl ocks necessary for the execution of
that subroutine, but the main programcontains a copy of each
common bl ock used in the program

conmon/ startups/  Pw, Rft, zt, zb, zi O, del tat, tquit, t dunp,
DtMb,bcleak,ecleak,LPtConst,Lterm,
Beremove, spgr,Klitho ,E,mu,A yr,
Elast,nu,mT,bT,nrpts,bigX,bigy,
Mbblb,Mbblc,CcP_psia,CcT K,Cecrg cm3,Crho,CP,
CT,CT2,CT3,alphac,alphab

common/integ/ Xinteg, wi nt eg

common/ vari abl es/ Pt,Pt0,Pi,zi,time,rsave(25000),Psave(25000),

R
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& deltazr ,Mbremove ,Mbremovet,Mcremove ,Mcremovet
comon/ bri ne/ phi,bigl, bigll,bigIII
common/outputc/ Mc,Mb,Ve,Vb

The follow ng open statenents (comrented for VAX), facilitate the
i nput/out put of the paranmeters in the nodel. *"Creep.1™ contains node
paranmeters. "Creep.2" is an output file which records the paraneters
used in the nodel (from "creep.1") and wites wellhead pressure,
"Pw', interface depth, "zi", and other parameters at each time step. This
information (each tine step) is also witten to channel 6 (to termnal)
for interactive use. "Creep.3" is also an output data file, however,
it contains information recorded at "tdunp” time intervals. ("tdunp"
is an input variable) This information is largely pressure
tenperature, and radius as functions of depth. [If the initia
cavern geonetry is not cylindrical, r(z) is read fromthe "creep.7"
input data file. *®Creep.8" is an output data file which is used to
store r(z) at regulated time intervals ("tdunp"), thus this file can
be used to restart the nodel (say, if the programcrashes) by reading it
into channel 7 as "creep.7". In addition, the "creep.8" output
file can be used as an initial r(z) to start a second calculation with
different nodel paraneters. Finally, "creep.9™ is an input file to be used
to supply brine and crude renoval paraneters if the programis not run
interactively.

open(unit=1,status='unknown’,file='sprcreep.
open(unit=2,status='unknown’,file='sprcreep.
open(unit=3,status='unknown’,file='sprcreep.
open(unit=7,status='unknown’,file='sprcreep.
open(unit=8,status='unknown’,file="'sprcreep.
open(unit=9,status='unknown’,file='sprcreep.

’
’
’
'
.
14

O 00 W N

call start

Before calling ANY routine which requires either "Pcrude"
or "Pbrine", "Pt", "zi", and "Pi" nust be current. For exanple, note that
several places in this program "Pi" is calculated just before calling
"ggaus" or "qgaus2", routines which are used to integrate function
subroutines in order to calculate the mass of brine or crude. This is
because the function subroutines that are integrated require "Pt", "zi"
and/or "Pi". Perhaps the proper (structured) way of program ng this woul d
have been to pass these variables through the subroutine calls. However the
"ggaus" integration routines, taken from "Nunerical Recipes", are witten
such that the integrated function is a function of a single variable
(i.e. "MassBrine" = f(z) not f("zi","Pi","z")). Thus the variables, "Pt",
"zi" and "Pi", are passed via common block, and therefore nust be current
before calling any integration routine(s) which utilize these paraneters.

Zi = zio

Pi = Pcrude(ziO)

Determne initial nmasses and volunes of brine and crude, as well as
the original volune of the cavern itself
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* % N W X

*
*
*

*

* % % o

cal | qgaus(MassCrude,zt,zi,Mct0)
cal|l gqgaus(MassBrine,zi,zb,Mbt0)
cal | gqgaus(VolCrude,zt,zi,Vc)
call qggaus(Vol Brine, zi, zb, Vb)

Record the cal cul ated dat a.

write(2,%*)* '

write(2,*)'Mass (t = 0) of Crude and Brine in reduced

& units’
write(2,%*)’ '

Note on the following units: multiplying a unitless paraneter,
"MctO" by g/cn¥*3 and ft**3 can then be multiplied by
10**6 cm**3/35,3145 ft**3 and then dividing by le+9 yielding

units of le+9 grans.

write(2,1000)Mct0*Ccrg cm3*Rft**3%le+6/(35.3145%1e+9)
write(2,1100)MbtO*Ccrg_cm3*Rft**3*le+6/(35.3145%1e+9)
1000 format('’',’Mc @t = 0 (in units of 10%%x6 kg) ’,f8.3)
}lOO format(’' ','Mb @t =0 (in units of 10%%6 kg) ’,£f8.3)

Before stepping forward in time, initialize parameters used in
the time loop, and wite out the headings to output channels 2 and 6.

tine = 0.0

Monow = MbtO
Moremove = 0.0
Moremovet = 0.0

Note that Mrenove is not set = 0.0 here.

This is because it has

already been initialized in the subroutine "start".

Mcnow = MctO
Mcrenovet = 0.0

itMbremove = 0.0
itMcremove = 0.0

write(2,%)’ '
write(2,1200)
write(2,1300)
write(2,1400)
write(2,*)’ '
write(6,*)' '
write(6,%)" !
write(6,*)' '
write(6,*)’ '
write(6,*)’ !
write(6,%)' '
write(6,%)' '
write(6,1200)
write(6,1300)

27



write(6,1400)
write(6,%*)’ '

1200 format(’ ',2x,‘time',6x,'Pw',7x,'zi',7x,'Vtot',6x,'Mb',5x,'Mc',8x,
&'Brine’,7x, ‘Crude’)

1300 format(’ ‘,2x,’'(yrs)’,3x,’'(psia)’,4x,’'(ft)’,5x,

& 6 3 6 * 8x,'Removed’,5x, 'Removed’)
1400 format(' ', 2x,' ‘,3x,’ "4, ‘,4x,
& (10 ft ) -(10 kg)-', 8x,'(bbl)’,7x,'(bbl)")

*

* | f operating at constant pressure ("LPtConst") then set "Mrenove" to
* an initial estimate (chosen from experience).
*

if (LPtConst) then
Mor enove = DtMb#*35000.0+%Mbblb
delta = O O *Morenmove
el se
if (Lterm.eqv. .FALSE.) then
read(9,*)ittime, itMbremove, itMcremove

endif
endif
*
* Begin the time | oop.
*

1410 conti nue
if (LPtConst) then
if (time .ge. bcleak .and. tinme .le. ecleak) then
Mcnow = Mcnow - Mcrenpve
Mcrenmovet = Mrenovet + Mrenove
endif

if(time/DtMb - int(0.01 + tine/DtM) .le. |.Ce-2) then
error = 1.0
icountm = 0

This loop is used to iterate around the nmass of brine to be
removed so as to maintain constant pressure.

E

*

1420 continue
Morenovep = Morenove + delta/2.0
Mor enovem = Morenove - delta/2.0

Monowp = Monow - Morenovep
call Iterate(Mnowp, Mnow)
Ptp - Pt

Monowm = Monow - Morenpovem
call Iterate(Mnowm Mnow)
Ptm = Pt

slope = (Ptp - Ptm/(Mrenovep - Mrenoven
Morenove = (PtO - Ptp + slope*Morenovep)/slope
error = abs(PtO - (Ptp + Ptm)/2.0)

icountm= icountm+ 1
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* o

if (icountm .ge. 21) then
write(2,%)’ ** ok Fk’

write(2,*)'20 iterations on Mirrenove have occured’
write(2,*)'therefore the | oop has been bypassed'

write(2,%)’ %% ** &k’
error = 0.0

Morenove = (Morenovep + Mbremovem)/2.0

endif
if (error .gt. |.Ce-9) goto 1420

if (Mirermove .1t. 0.0) then
Morenove = 0.0

end if
el se

Morenmove = 0.0
endif

Monow = NMbnow - Mbrenove

Morenovet = Morenovet + Mirenove
el se

Mcnow = Mcnow - Mcrenpve

Mcrenmovet = Mrenovet + Mrenove

Monow = Monow - Morenove
Mor enovet = Morenovet + Morenove
endif

if (Mnow .le. OOthen

write(6,%*)'Error: the anount of brine renopved has'
write(6,%)'exceeded the initial anount of brine'

stop
endif

call Iterate(Mnow, Mnow)

call qgaus(MassCrude, zt, zi, M)
call qgaus(MassBrine, zi, zb, M)

call qgaus(Vol Crude, zt, zi, Vc)
call qgaus(Vol Brine, zi, zb, Vb)

cal | out put

Update the "Psave" and "rsave" arrays which contain "Psave" and

r(z) at the current tinme.

1430

zZ = zt
i -
conti nue
rsave(i) = radius(z, Pcrude(z))
Psave(i) = Pcrude(z)
z =z + deltazr
i=1i+1
if (z .1le. zi) got0 1430
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1440

E

1500
1600

Z =z + deltazr
i=10 +1

conti nue
rsave(i) = radius(z, Pbrine(z))
Psave(i) = Pbrine(z)
Z =z + deltazr
i=-1i+1
if (z .1e. zb) goto 1440

rsave(i) = rsave(nrpts)
rsave(i+l) = rsave(nrpts)
Psave(i) = Psave(nrpts)
Psave(i+l) = Psave(nrpts)

This next set of if structures enables the programto ask
the user how to proceed if the programis used interactively.

i f (LPtConst .eqv. .FALSE.) then
if (Lterm) then

if (abs(time-itquit) .le. |.QCe-06) then
write(6,*)’ '
write(6,%)’ '
write(6,1500)
write(6,%)' '
write(6,%)’ '
write(6,1600)time + delt at
format (' *%* The current time is
format ('’ ', £7.3)

write(6,%)' '
write(6,%)’ '

write(6,*)’ *%x* Nunmber of barrels brine renoved &
write(6,*)’ *%x*¥ Nunber of barrels crude | eaked

write(6,%)’ *** (enter a negative nunber for

*k%?)

?

write(6,%) ' ***% either to termnate this run)

write(6,%)' '
write(6,%)" '
read(5,*)itMbremove, itMcremove

itMbremove = it Morenove*Mbl b
itMcremove = |tMrenove*Moblc

if (itMbremove .1lt. 0.0 .and. itMcremove .1lt. 0.0)

goto 1800
write(6,%)’ '
write(6,%*)’ '

*kk !

*kk !
Xxkk

xxk

write(6,%*)’ *%x* Enter the tinme intervals on brine *%*'

write(6,%)' *** and crude renoval s (yrs)
write(6,%)' '

write(6,*)' '

read(5,*)DtMb,DtMc

write(6,*)' '
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1700

1800
1900

write(6,%)'

write(6,%*)’ **kx Enter the last tine at which to
write(6,*)’ *** renpve these anounts of brine and *%x’
write(6,%)* *** crude (yrs) *kk !
write(6,%)' '

write(6,%*)' '

read(5,*)itquit

Kkk

ittime = tine

Morenbve = itMbremove
Mcrenove = itMcremove

el se
if(mod(sngl(time-ittime+le-06),sngl(DtMb))

& .le. 1.0e-2)then

Morenove = itMbremove
el se

Morenpve = 0.0
endif

if(mod(sngl(time-ittime+le-06),sngl(DtMc))

& .le. 1.0e-2)then

Mcrenbve = itMcremove
el se
Mcremove = 0.0
endif
endif
el se
if (abs((time + deltat) - ittime) .le. |.Ce-06) then
Morenove = it Morenove* Mobl b
Mcrenove = jtMcrenove* Mobl ¢
read(9,*,end=1700)ittime, itMbremove, itMcremove
conti nue
el se
Moremove = 0.0
Mcrenmove = 0.0
endif
endif
endif

time = time + deltat
if (sngl(time-deltat/8) .gt. sngl (tquit)) time = -100
if (itMbremove .1lt. 0.0) then
if(Lterm) then
tine = -100.0
el se
if (time .eq. ittime) time = -100.0
endif
endif

if (time .gt. -1.0) gotO 1410

write(2,1900)
format (' ‘,5(9%X,2X), - -cmcmmmi et e oo )



2000
*

write(2,2000)Mbremovet/Mbblb,Mcremovet/Mbblc
format(’ ',49x,2(2x,£f12.2))

* Finally, end t program by witing out the fina

*

2100

*
*
*

% % % % * % %

rewind 8
i f (LPtConst) then
write(8,*)Pt0,zi
el se
write(8,*)Pt,zi
endif
write(8,*)nrpts
do 2100 i = 1,nrpts+2
write(8,*)rsave(i)
conti nue
stop
end

subroutine start

This routine reads in the input
paraneters, sets-up other constants,
and initializes the arrays for the
nunmerical integration.

implicit none

real *8 Pw, Rf t

real *8 zt,zh,zi O

real *8 deltat, tquit, tdump
real *8 Dt Mo, bcl eak, ecl eak
| ogi cal LPtConst,Lterm
real *8 Bcrenove, spgr

real *8 Klitho,E, mu

real *8 A_yr

real *8 El ast, nu

real *8 nil, bT

integer nrpts

real *8 bigX bigY

real *8 Mbblb,Mbblc

real *8 CcP_psia,CcT K,Ccrg_cm3
real *8 Crho, CP

real *8 CT,CT2,CT3

real *8 alphac,alphab

real *8 xi nteg, wi nteg
di mensi on xinteg(5),winteg(5)

real *8 Pt,Pt0,Pi,zi,time,rsave,Psave

r(z) to channel

real *8 deltazy ,Mbremove ,Mbremovet,Mcremove ,Mcremovet

real *8 phi,bigl,bigII,biglII
real *8 CbP_psia,CbT_K,CbT K2,Cbt_K3,Cbrg_cm3
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integer i
real *8 z,T
real *8 Pcrude, Pbrine

common/ startups/ Pw, Rft, zt,zb,zi O deltat, tquit,tdunp,
DtMb,bcleak,ecleak,LPtConst,Lterm,
Bcremove,spgr,Klitho,E,mu,A yr,
Elast,nu,mT,bT,nrpts,bigX,bigy,
Mbblb,Mbblec,CcP_psia,CcT_K,Ccrg_cm3,Crho,CP,
CT,CT2,CT3, alphac, alphab

common/integ/ Xi nteg, wi nt eg

common/ vari abl es/ Pt,Pt0,Pi,zi,time,rsave(25000),Psave(25000),

& del t azr, Morenove, Morenpvet, Mcrenove, Mcr enpvet

common/ bri ne/ phi,bigI,biglIl bigIIIl

PR

*

* First, read in the constants fromthe channel 1 input file, then
begin channel 2 output data file.

read(l,*)Pw, Rf t
read(l,*)zt,zb,zi0
read(l,*)deltat,tquit,tdunp
read(l,*)DtMb,bcleak,ecleak
read(l,100)LPtConst,Lterm
100 format(2L11)
read(l,*)Bcrenove, spgr
read(l,*)Klitho,E,mu
read(l,*)A yr
read(l,*)El ast, nu
read(l,*)nT, bT
read(l,*)nrpts

write(2,200)Pw,Rft
write(2,300)zt,zb,zi0
write(2,400)deltat, tquit, tdump
write(2,500)DtMb,bcleak,ecleak
write(2,600)LPtConst,Lterm
write(2,700)Bcremove, spgr
write(2,800)Klitho,E,mu
write(2,900)A _yr
write(2,1000)Elast,nu
write(2,1100)mT,bT

write(2,1200)nrpts

*

200 format(’' ’,'Pw +,f12.5,' Rft ', £12.5)

300 format(’ ',’'zt + £f12.5,' zb ¢, f12.5,
&' zi0 *,£12.5)

400 format(’' ', ’deltat *,f12.5,' tquit ', £12.5,
&' tdump ,£f12.5)

500 format(’' ',' Dt Mo *,£f12.5,' bcleak ',f12.5,
&' ecleak *,f12.5)

600 format(’ ','LPtConst ‘,L12,' Lterm *,L12)

700 format(' ',' Bcrenove ‘',f12.5,’ spgr *,£12.5)

800 format(’ ’,’'Klitho *,gl2.5,' E ', f12.5,
&' nu *,gl2.5)
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900 format(’ ','A_yr *,g12.5)
1000 format(’ ’',’Elast ‘,gl12.5,’ nu *,£12.5)
1100 format(’ ’,'mT ‘,gl2.5,' bT r,£12.5)
1200 format(’' ', ’nrpts ',112)
*
* The program is entirely nondi nensional, except for the variables which
* have dinmensions of time. Therefore the dinensional input parameters
* nust be converted to nondinensional form These first few variables are
* the constants (fromthe crude equation of state) used to nondi mensionalize
* the rest of the program variables. In particular, CecP_psia, the crude
* equation of state pressure coefficient is evaluated at the tenperature
f at the top of the cavern.

CcP_psia = (0.018*(mT*zt + bT) - 6.43*spgr + 3.6)*le-6

CcP_psia = CcP_psia/(1.0000945*spgr + 0. 1695)

CcT K = 5.7627e-4/(1.0000945*spgr + 0. 1695)

Ccrg_cm3 = 0.98807*(1.0000945*spgr + 0. 1695)
*

CbP_psia = 1.722e-6

CbT K = 3.272e-3

CbT K2 = 8.933e-6

CbT K3 = -8.4868e-9
) Cbrg_cm3 = 2. 0149
* The two paranmeters bigX and bigY are cal culated from the dinensional
* values of mT and bT. Once this is acconplished, all four parameters
: can be nondi nensional i zed.

*

*
*

bigX = 0.018*mT*le-6/(1.0000945*spgr + 0. 1695)
bigY = (0.018%bT - 6.43%*spgr + 3.6)*le-6
bigY - big¥/(1.0000945%spgr + 0. 1695)

Pw = Pw*CcP_psia

zt = zt/Rft

zb = zb/ Rft

zi0 - ziO/Rft

klitho - klitho*CcP_psia*Rft
E = E*CcT_K

M - mu*CcP_psia

El ast - Elast*CcP_psia

bigX - bigX*Rft/CcP_psia
bigY = big¥/CcP_psia

mT = M*Rit*CcT_K

bT = bT*CcT_K

Initialize other nondi nensi onal constants.

Crho = Ccrg_cm3/Cbrg cnB
CP - CcP_psia/CbP_psia
CT = CbT_K/CcT K

CT2 = CbT K2/(CcT_K)**2
CT3 = CbT_K3/(CcT_K)**3
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E I

*x. *** >(->(-* * Ok *

* %

ok % % ok % *

* % ok ok of

The follow ng dinensionless paranmeters "al phab" and "al phac”,
are defined to be

al phab = Cbrg_cm3*G*CbP_psia*Rft
al phac = Ccrg_cm3*G*CcP_psia*Rft

where G is the gravitational constant. For ease, Gs units are adjusted
as follows:

m 1 kg 14. 696 psia I m le6 cnmt*3
G=98 ----- *oaaeo- e~ eem----- R
s*%2 1000g 1.01325e5 Kk g 3.2808 ft mkx3
m sx*2
cm*3 psia
G = 0.43324 ----------

al phab = Cbrg_cm3*CbP_psia*0.43324*Rft
al phac = Ccrg_cm3*CcP_psia*0.43324*Rft

The masses of a barrel of brine and crude, "Mblb" and "Mblc" are

calculated using 1.2 g/cnB for the density of brine and the input
variabl e "spgr" for the specific gravity of crude and nondi nensi onalized
by "Ccrg_cm3" and "Rft". "Mblb" is thus calcul ated
g gal 1 fe*+3
Mblb = 1.2 --We- A2 --- ok meeeeeeee
cnt*3 bbl 7.4805 ga
Cecrg cm3 * Rft**3
and " Mobl c"
1 gal 1 fe¥x?
Moblc = "spgr™ * ----- * 42 oLk cmmeeieo-
cnt*3 bbl 7.4805 ga

Ccrg cm3 * Rft#*x3

Mobl b = (1.2%42.0/7.4805)/(Ccrg_cm3*Rft**3)
Mobl c = (spgr*42.0/7.4805)/(Ccrg_cm3*Rft**3)

Convert the dimensional Bcrenove (barrels crude to be |eaked per
time step) to nondimensional mass format so that it can be subtracted
from the nondi mensional nmass of the crude in the cavern, Mnow.

i f (LPtConst) then

Mcrenove = Bcrenove* Mobl ¢
el se

Mcremove = 0.0
endif

Cal cul ate the nondi mensi onal pressure at the top of the cavern, Pt
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%* % % %

* % % %

% % % %

*

* % % %

Al t hough al

programinput/output is in terns of the wellhead pressure,

Pw, throughout

t =0. Also

the program Pt is used. PtO represents Pt at tine
initialize Pt by setting it equal to PtO.

Pt0 = Pw + zt*Rft*spgr*14.696*CcP_psia/33.9

Pt = Pt0

The following two |F statements have been added to prevent

i nappropriate inputs or

if (LPtConst .and. Lterm then
write(6,%*)’ '
write (6 ’ *) 1 Jodkedodokde ke kde ke de ke doddedododdedek dede e dodek ko kkkdekddkdokkdkkdkkkk !
write(6,%*)'This programis not designed to be run at'
write(6,%*)’constant wellhead pressure via termnal inputs'

write(6,*)’'therefore it

conmbi nations of inputs.

i s assumed that non-constant

write(6,*)’'wellhead pressure is desired, thus
write(6,%)'LPtConstant has been set to .FALSE.’
write(6,%)'and the programw || be run fromthe terminal'
write (6 , *) ! kkkhhkkkkkkkkkhkkkhkhkhkhkkkkkhkhkikhkhkhhhirrhkhkhhkrthik’
write(6,*)’ '

LPt Const = .FALSE.

endif

If the programis running fromtermnal inputs, the user should

be able to renove crude at wll.

if (Lterm.eqv.

if (deltat

write(6,*)'Error:

.eg. 0.0) then

write(6,%*)’time st ep: del t at

stop
endif

Next, initialize the constants to be used in the brine equation of state.

The next if statements insures this.

.true.)bcl eak = deltat

This program requires a finite'

(in the input file)'

phi = - CT*bT + CT2%bT**2 + CT3+bT#*3

bigl = -CT*nT + 2.0%CT2*bT#mT + 3.0%CT3*mT+bT+*2
bi g11 = CT2*mT#*2 + 3.0%CT3*bT*mT#*2

bi g111 = CT3*mT#%3

Set-up the arrays for the numerica
gqgaus and ggaus2

xinteg(l)
Xi nteg(2)
Xi nteg(3)
Xi nteg(4)
Xi nt eg(5)

winteg(l)
wi nt eg(2)
wi nt eg(3)

0. 1488743389
0. 4333953941
0.6794095682
0. 8650633666
0. 9739065285

0. 2955242247
0. 2692667193
0. 2190863625

integration subroutines,
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winteg(4) = 0.1494513491
winteg(5) = 0.0666713443

Initialize r(z) by setting it equal to R (r nondim = 1.0) for
all z, or reading it from channel 7

* Ok X

if (nrpts .ne. 0) then
do 2000 i = 1,nrpts + 2
rsave(i) = 1.0
2000 continue
el se
read(7,*)Pt0,zi0
read(7,*)nrpts
do 2100 i = 1,nrpts+2
read(7,¥*)rsave(i)
2100 continue
X endif

* Set-up the spacing of the r(z) and Psave(z) arrays.
*

deltazr = (zb - zt)/float(nrpts)
*

* Set-up the initial P(z) profile.
*

z = zt
i-
*
1950 continue
T = m*z + bT
Psave(i) = Pcrude(z)
z =z + deltazr
i=1i+1
if (z .le. zi0) got0 1950
*
1960 conti nue
T = mi*z + bT
Psave(i) = Pbrine(z)
z =z + deltazr
i=1i+1
if (z .1le. zb) goto 1960

* Note that in the initialization of Psave and rsave, two "extra"
* points are initialized. This is because the Newton-G egory
* table interpolation nethod uses two val ues beyond the requested
* val ue.
*
Psave(i) = Psave(nrpts)
Psave(i+l) = Psave(nrpts)
*
return
end
* * %

real *8 function MssCrude
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* This function subroutine calcul ates
* the differential nass of the crude,
* i.e. when integrated, it yields the
* mass of the crude.
*
* implicit none
real *8 Pw,Rft
real *8 zt,zb,zi0
real *8 deltat, tquit, tdump
real *8 Dt Mo, bcl eak, ecl eak
| ogi cal LPtConst,Lterm
real *8 Bcrenove, spgr
real *8 Klitho,E,nu
real *8 A_yr
real *8 Elast,nu
real *8 nil, bT
integer nrpts
*
real *8 bigX,bigy
real *8 Mobl b, Mobl ¢
real *8 CcP_psia,CcT_K,Ccrg_cm3
real *8 Crho,CP
real *8 CT,CT2,CT3
real *8 al phac, al phab
*
real *8 xinteg,w nteg
di mensi on xinteg(5),winteg(5)
*
real*8 Pt,PtQ Pi,zi,tine, rsave, Psave
real *8 del tazr, Morenove, Morenovet , Mcrenove, Mcr enovet
*
real *8 T
real *8 z
real *8 rhoc, Pc
real *8 pie
*
real *8 radi us, Pcrude
*
ext ernal Pecrude
*
comon/startups/ Pw,Rft,zt,zb,zi0,deltat,tquit, tdump,
& Dt Mo, bel eak, ecl eak, LPt Const, Lt er m
& Bcremove,spgr,Klitho,E,mu,A yr,
& Elast,nu,mT,bT,nrpts,bigX,bigy,
& Mbblb,Mbblc,CcP_psia,CcT_K,Ccrg_cm3,Crho,CP,
& CT,CT2,CT3,alphac,alphab
common/integ/ Xi nteg, w nt eg
common/ vari abl es/ Pt,Pt0,Pi,zi,time,rsave(25000),Psave(25000),
& del t azr, Mor enove, Mor enovet , Mecrenpove, Mer enpvet
*
pie = acos(-1.0)
*

T =nl*z + bT
PC = Pcrude(z)
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*

* % % % ¥ % %

rhoc =1 - T + PcC
MassCrude = rhoc*pie*radius(z,Pc)**2

return
end

real *8 function MassBri ne

This function subroutine cal cul ates
the differential mass of the brine
i.e. when integrated, it yields the
mass of the brine

implicit none

real *8 Pw,Rft

real *8 zt,zb,zi0

real *8 deltat, tquit, tdump
real *8 Dt M, bcl eak, ecl eak
| ogi cal LPtConst, Lterm
real *8 Bcrenove, spgr

real *8 Klitho, E, nu

real *8 A_yr

real *8 Elast,nu

real *8 nil, bT

integer nrpts

real *8 bigX,bigY

real *8 Mobl b, Mobl ¢

real *8 CcP_psia,CcT _K,Ccrg_cm3
real *8 Crho, CP

real *8 CT,CT2,CT3

real *8 alphac,alphab

real*8 Pt,PtOQ Pi,zi,time, rsave, Psave
real *8 del tazr, Morenove, Mor enovet , Mecr enove, Mcr enpvet

real *8 phi,bigl,bigll,bigll

real *8 T

real *8 z

real *8 rhob, Pb
real *8 pie

real *8 radi us, Pbrine

common/ startups/ Pw,Rft,zt,zb,zi0,deltat, tquit, tdump,
Dt Mo, bel eak, ecl eak, LPt Const, Lt erm
Bcremove,spgr,Klitho ,E,mu,A_yr,
Elast,nu,mT,bT,nrpts,bigX,bigY,
Mbblb,Mbblc,CcP_psia,CcT _K,Ccrg_cm3,Crho,CP,
CT,CT2,CT3,alphac,alphab

conmon/ vari abl es/ Pt,Pt0,Pi,zi,time,rsave(25000),Psave(25000),

& del tazr, Mor enove, Mor enovet , Merenpve, Mer enpvet

RPRrOoORXE
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*

* *

* Ok ok o

conmmon/ bri ne/ phi, bigl,bigll,bigll
pie = acos(-1.0)

T = mT*z + bT
Pb = Pbrine(z)
rhob = (1 + phi + bigl*z + bigII*z**2 + bigIII*z**3 + Pb/CP)/Crho

MassBrine = rhob*pie*radius(z,Pb)**2

return
end

real *8 function Vol Crude(z)

This function subroutine cal cul ates
the differential volume of the crude
i.e. when integrated, it yields the
volumre of the crude

implicit none

real *8 Pw, Rf t

real *8 zt,zb,zi0

real *8 deltat,tquit,tdunmp
real *8 Dt Mo, bcl eak, ecl eak
| ogi cal LPtConst, Lterm
real *8 Bcrenove, spgr

real *8 Klitho,E,mu

real *8 A_yr

real *8 Elast,nu

real *8 mT,bT

integer nrpts

real *8 bigX bigY

real *8 Mobl b, Mobl c

real *8 CcP_psia,CcT_K,Ccrg cm3
real *8 Crho,CP

real *8 C¢T,CT2,CT3

real *8 al phac, al phab

real *8 Pt,PtQO Pi,zi,tine, rsave, Psave
real *8 del tazr, Morenove, Morenovet , Mcr enove, Mcr enovet

real *8 z
real *8 pie

real *8 radius,Pcrude

comon/startups/ Pw,Rft,zt,zb,zi0,deltat,tquit, tdump,
DtMb,bcleak,ecleak,LPtConst,Lternm,
Bcremove,spgr ,Klitho ,E,mu,A_yr,
Elast,nu,mT,bT,nrpts,bigX,bigy,
Mbblb,Mbblc,CcP_psia,CcT_K,Ccrg_cm3,Crho,CP,
CT,CT2,CT3, alphac,alphab

PR
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*

&

conmon/ vari abl es/ Pt,Pt0,Pi,zi,time,rsave(25000),Psave(25000),
del t azr, Mor enove, Mor enovet , Mecrenpve, Mer enpvet

pie = acos(-1.0)

VolCrude = pie*radius(z,Pcrude(z))+*2

*

This function subroutine cal cul ates
differential volune of the brine,
when integrated, it yields the

the

i.e.

return
end

real *8 function Vol Brine(z)

volume of the brine.

RRRRRR

&

implicit none

real *8 Pw,Rft

real *8 zt,zb,zi0

real *8 deltat,tquit,tdunp
real *8 DtMb,bcleak,ecleak
| ogi cal LPtConst,Lterm
real *8 Bcrenove, spgr

real *8 Klitho, E, nmu

real *8 A_yr

real *8 El ast, nu

real *8 nfl, bT

integer nrpts

real *8 bigX,bigy
real *8 Mobl b, Mobl ¢

real *8 CcP_psia,CcT_K,Ccrg_cm3

real *8 Crho, CP
real *8 CT,CT2,CT3
real *8 al phac, al phab

real*8 Pt,PtQ Pi,zi,tine, rsave, Psave
real *8 del tazr, Morenove, Mor enovet , Mecr enove, Mcr enpvet

real *8 z
real *8 pie

real *8 radius,Pbrine

comon/ startups/ Pw,Rft,zt,zb,zi0,deltat, tquit, tdump,
Dt Mo, bel eak, ecl eak, LPt Const, Lt erm
Bcremove,spgr,Klitho,E,mu,A yr,
El ast, nu, nil, bT, nrpt s, bi gX bi gY,
Mbblb,Mbblc,CcP_psia,CcT _K,Ccrg_cm3,Crho,CP,
CT,CT2,CT3,alphac,alphab

comon/ vari abl es/ Pt,Pt0,Pi,zi, time,rsave(25000),Psave(25000),
del t azr, Mor enove, Mor enovet , Merenpve, Mer enpvet
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E I I

E

second routine,

pie = acos(-1.0)

VolBrine = pie*radius(z,Pbrine(z))#*2

return
end

*

real *8 functi on Pcrude(z)

implicit none

real *8 Pw,Rft

real +8 zt,zb,zi0

real *8 deltat, tquit, tdump
real *8 DtMb,bcleak,ecleak
| ogi cal LPtConst, Lterm
real *8 Bcrenove, spgr

real *8 Klitho, E, nmu

real *8 A_yr

real *8 Elast,nu

real *8 mT,bT

integer nrpts

real *8 bigX, bigY
real *8 Mbblb,Mbblc

This function returns the pressure in
the cavern in the crude oil
requires an integration and therefore a

Pcinteg is called as an
argunent of the integration routine

ggaus2.

region. It

real *8 CcP_psia,CcT_K,Ccrg_cm3

real *8 Crho, CP
real *8 C€T,CT2,CT3
real *8 al phac, al phab

real *8 Pt,PtQ Pi,zi,tine, rsave, Psave
real *8 del tazr, Morenove, Mdrenpvet , Mcrenove, Mcr enovet

real *8 z

real *8 Pclnteg
external Pclnteg

comon/startups/ Pw,Rft,zt,zb,zi0,deltat,tquit, tdump,

RRRRRR

Dt Mo, bel eak, ecl eak, LPt Const, Lt erm

Bcremove, spgr,Klitho,E,mu,A vyr,
Elast,nu,mT,bT,nrpts,bigX,bigY,
Mbblb,Mbblc,CcP_psia,CeT_K,Ccrg cm3,Crho,CP,
CT,CT2,CT3,alphac,alphab

common/ vari abl es/ Pt,Pt0,Pi,zi, time,rsave(25000),Psave(25000),

& del tazr,

Mor enove, Mor enovet , Mcr enove, Mer enovet

call qgaus2(PcInteg,zt,z,Pcrude)
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* % % % % % %

*

Pcrude = (Pcrude +

& Pt*exp(-alphac*bigX*(zt**2)/2.0 - alphac*bigY*zt))/
& exp(-alphac*bigX*(z**2)/2.0 - al phac*bi gY*z)
return
end
* %
real *8 function Pclnteg(z)
This function, when integrated, provides
a necessary piece of the equation to
calculate Pcrude, and is called by the
function subroutine Pcrude.
implicit none
real *8 Pw,Rft
real *8 zt,zb,zi0
real *8 deltat, tquit, tdump
real *8 Dt M, bcl eak, ecl eak
| ogi cal LPtConst,Lterm
real *8 Bcrenove, spgr
real *8 Klitho,E,mu
real *8 A_yr
real *8 Elast,nu
real *8 mT,bT
integer nrpts
real *8 bigX, bigY
real *8 Mobl b, Mobl ¢
real *8 CcP_psia,CcT _K,Ccrg_cm3
real *8 Crho, CP
real *8 €T,CT2,CT3
real *8 al phac, al phab
real*8 Pt,PtO Pi,zi,time, rsave, Psave
real *8 del tazr, Morenove, Mor enovet , Mecr enove, Mcr enpvet
real *8 z
comon/ startups/ Pw,Rft,zt,zb,zi0,deltat,tquit, tdump,
6 Dt Mo, bel eak, ecl eak, LPt Const, Lt er m
& Bcremove, spgr,Klitho,E,mu,A yr,
& Elast,nu,mT,bT,nrpts,bigX,bigY,
& Mbblb,Mbblc,CcP_psia,CcT K,Ccrg cm3,Crho,CP,
& CT,CT2,CT3,alphac,alphab
conmon/ vari abl es/ Pt,Pt0,Pi,zi,time,rsave(25000),Psave(25000),
& del tazr, Mor enove, Mor enovet , Mecrenpove, Mer enpvet
PcInteg = (alphac - al phac*bT - nil*al phac*z) *exp(
& -alphac*bigX*(z**2)/2.0 - al phac*bi gY*z)
return
end
* %
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real *8 function Pbrine(z)

This function returns the pressure in the
cavern in the brine region.

implicit

none

real *8 Pw, Rf t

real *8 zt,zb,zi0

real *8 deltat,tquit,tdunp
real *8 DtMb,bcleak,ecleak

| ogi cal

LPt Const, Lt erm

real *8 Bcrenove, spgr
real *8 Klitho,E,mu
real *8 A_yr

real *8 El ast, nu

real *8 nil, bT

i nteger

nrpts

real *8 bigX bigY

real *8 Mobl b, Mobl ¢

real *8 CcP_psia,CcT_K,Ccrg_cm3
real *8 Crho, CP

real *8 CT,CT2,CT3

real *8 al phac, al phab

real *8 Pt,PtO Pi,zi,tine, rsave, Psave
real *8 del tazr, Morenove, Morenovet , Mcr enove, Mcr enovet

real *8 phi,bigl,biglI,bigIII

real *8 z,expon, termA, termB, termC

common/ startups/ Pw, Rft, zt,zb,ziOdeltat,tquit,tdunp,

R

&

Dt Mo, bel eak, ecl eak, LPt Const, Lt er m
Bcremove,spgr,Klitho,E,mu,A yr,
Elast,nu,mT,bT,nrpts,bigX,bigY,
Mbblb,Mbble,CcP_psia,CcT _K,Ccrg _cm3,Crho,CP,
CT,CT2,CT3, alphac,alphab

conmon/ vari abl es/ Pt,Pt0,Pi,zi,time,rsave(25000),Psave(25000),

del tazr, Mor enove, Mor enovet , Merenpve, Mer enpvet

conmon/ bri ne/ phi, bigl,bigll,biglll

expon =
termA =

termB =
termB =

termB =

termB =

termC =

exp(al phab*(z - zi))
CP*(1.0 + phi)*(expon - 1.0)

bigIII*(zi**3%expon - z**3)/alphad
termB + (3.0%bigIII/alphab**2 + bigII/alphab)*
((zi**2)*expon - z**2)
termB + (6.0%bigIII/alphab**3 + 2, 0%bigII/alphab**2 +
bi gl / al phab)*((zi + 1.0/alphab)*expon -
(z + 1.0/alphab))
al phab*CP*t er nB

Pi *expon
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[ .

* X X X

* %

Pbrine -ter mA+t er mB+t er mC

return
end
* *

real *8 functi on radius(z,Pcavern)

The function 'radius' returns a value
for r(z) at the current tinme. This

is done by first "looking up" the value
of r(z) at the previous tine step and
then, by using the creep equation to
calculate the change in r at that z,
calculating a new r(z). Pcavern is the
pressure in the cavern at z, supplied as
ei ther "Perude™ or "Pbrine"

implicit none

real *8 Pw,Rft

real *8 zt,zb,zi0

real *8 deltat,tquit,tdunp
real *8 Dt Mo, bcl eak, ecl eak
| ogi cal LPtConst, Lterm
real *8 Bcrenpve, spgr

real *8 Klitho, E, nu

real *8 A_yr

real *8 El ast, nu

real *8 ni, bT

integer nrpts

real *8 bigX bigY

real *8 Mobl b, Mobl ¢

real *8 CcP_psia,CcT_K,Ccrg_cm3
real *8 Crho, CP

real *8 CT,CT2,CT3

real *8 alphac,alphab

real*8 Pt,PtQ Pi,zi,tine, rsave, Psave
real *8 del tazr, Morenove, Mor enovet , Mecr enove, Mcr enovet

real *8 T
real *8 z
real *8 Pcavern

Declare the variables used in a Newon Gegory table interpolation

integer ifrone

real *8 reali,zeta

real *8 rnone,rl,r2,rtempol, rtempo2,rold
real *8 Pnone,P1,P2,Ptempol,Ptempo2,Pold

common/ startups/ Pw,Rft,zt,zb,zi0,deltat,tquit, tdump,
& Dt Mo, bel eak, ecl eak, LPt Const, Lt erm
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% % % %

*

* ko ¥

Bcremove,spgr ,Klitho,E,mu,A_yr,
Elast,nu,mT,bT,nrpts,bigX,bigy,
Mbblb,Mbblc,CcP _psia,CcT _K,Ccrg_cm3,Crho,CP,
CT,CT2,CT3,alphac,alphadb
common/ vari abl es/ Pt,Pt0,Pi,zi,time,rsave(25000),Psave(25000),
& deltazr ,Mbremove ,Mbremovet,Mcremove ,Mcremovet

e

T = mT*z + bT

The variabl e "ifromz" is the conversion from®"z" (a real *8 variabl e)
to "i", the integer equivalent of "z", used with the array "rsave"”.

reali = (z - zt)/deltazr + 1
ifronz = int(reali)
zeta = reali - float(ifrone)

rnone = rsave(ifronz)
Pnone = Psave(ifrong)

rl = rsave(ifronz +
r2 = rsave(ifronz +
+
+

P1 = Psave(ifronz
P2 Psave(ifrone

NEFN B
~— — — —

rtempol = rnone + (rl - rnone)*zeta
rtenpo2 = rl + (r2 -rl)*(zeta - 1.0)
Ptempol = Pnone + (P1 - Pnone)*zeta
Ptempo2 = P1 + (P2 - Pl)*(zeta - 1.0)

rold = rtenpol + (rtenpo2 - rtempol)*zeta*(0.5
Pold = Ptenmpol + (Ptenpo2 - Ptempol)*zeta*0.5

radius = rold - deltat*A_yr*exp(-E/T)*
& (abs(Klitho*z - Pcavern)/mu)**5.5 -
& rold*(1.0 - nu)*(Pol d - Pcavern)/Elast

if (radius .1t. OOradius = 0.0

return
end

subroutine out put

This subroutine, called after every
time step, records the calcul ated
i nformati on,

implicit none

real *8 Pw,Rft

real *8 zt,zb,zi0

real *8 deltat, tquit, tdump
real *8 DtMb,bcleak,ecleak
| ogi cal LPtConst,Lterm
real *8 Bcrenove, spgr
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real *8 Klitho,E,mu
real *8 A_yr

real *8 Elast,nu
real *8 mT,bT
integer nrpts

real *8 bigX,bigY

real *8 Mobl b, Mobl ¢

real *8 CcP_psia,CcT_K,Ccrg_cm3
real *8 Crho, CP

real *8 CT,CT2,CT3

real *8 al phac, al phab

real *8 xinteg, wnteg
di mensi on xinteg(5),winteg(5)

real*8 Pt,PtQ Pi,zi,tine, rsave, Psave
real *8 del tazr, Morenove, Morenovet , Mcrenove, Mcr enpvet

real *8 Mc,Mb,Ve,Vb

real *8 r,T
real *8 Pc,Pb

real *8 Vtot

real *8 dz,z

integer i,npara
paraneter(npara = 11)
real *8 para(npara)
character*16 name(npara)

real *8 radi us
real *8 Pcrude, Pbrine

conmon/ startups/ Pw,Rft,zt,zb,zi0,deltat, tquit, tdump,
Dt Mo, bel eak, ecl eak, LPt Const, Lterm
Bcremove,spgr ,Klitho ,E,mu,A yr,
Elast,nu,mT,bT,nrpts,bigX,bigy,
Mbblb,Mbblc,CcP_psia,CeT_K,Ccrg_cm3,Crho,CP,
CT,CT2,CT3, alphac,alphab

common/integ/ Xi nteg, Wi nteg

common/ vari abl es/ Pt,Pt0,Pi,zi,time,rsave(25000),Psave(25000),

& del tazr, Morenove, Morenpvet , Mcrenove, Mer enpvet

common/outpute/  Mc,Mb,Vc,Vb

PR R R

Vtot = Ve + Vb

para(l) = Pt/CcP_psia - zt*Rft*spgr*14.696/33.9
para(2) = zi *Rft

para(3) = Mb*Ccrg_cm3*Rft**3%le+6/(35.3145%1e+9)
para(4) = Mbremove/Mbblb

para(5) = Mbremovet/Mbblb

para(6) = Mc*Ccrg cm3*Rft**3*le+6/(35.3145%1e+9)
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*
* The following if statenents insure correct output regardl ess
* of node of program operation

if (LPtConst) then
if (time .ge. bcleak .and. tine .le. ecleak) then
para(7) = Mrenove/ Mibl c
el se
para(7) = 0.0
endif
el se
para(7) = Mrenove/ Mibl c
endif

para(8) = Mcremovet/Mbblc
para(9) = Vb*Rft**3/le+6
para(l 0) = Vc*Rft**3/le+6
para(ll) = Vtot*Rft**3/le+6

name(l) = 'Pw (psia)’
nane(2) = 'zi (fr)'
name(3) = 'M (1076 kg)'
name(4) = '-Brine (bbl)"
name(5) = ‘-Brine tot (bbl)’
name(6) = 'M (1076 kg)
name(7) = '-Crude (bbl)
name(8) = ‘-Crude tot (bbl)
name(9) = '\Wb (1076 f£"3)"
name(10Q = 'Vc  (10%6 ft"3)’
name(11) = ‘Vtot (1076 ft"3)’

i f (mod(sngl(time)+1.E-6,sngl(tdump)) .le. |.Ce-2) then

rewi nd 8
if (LPtConst) then
write(8,*)Pt0,zi
el se
write(8,*)Pt,zi
endif
write(8,*)nrpts
do 100 i = 1,nrpts+2
write(8,*)rsave(i)
100 conti nue

write(3,*)’ '
write(3,200)time
200 format(’ ‘,'time (yrs ) ‘,f12.5)
write(3,*)’ '
write(3,300)
write(3,400)

300 format(’' ',’ z L2X, .3, P',9x,'T’")
400 format(’ *,’ (ft) 2x, " (ft) *,3x,'(psia)’,5x,'(K)")
*

dz = (zb - zt)/50.0
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Z = 2zt
-

450 conti nue
T = mT*z + bT
PC = Pcrude(z)
r = radius(z,Pc)

if (1 .le. 11) then

write(3,500)z*Rft,r*Rft,Pc/CcP_psia,T/CcT K,
& name(i), para(i)
500 format(’ ‘,£7.2,3x,f6.2,3x,£7.2,3x,£6.2,3x%,al16,2x,£f12.3)

i=i+]

el se
write(3,500)z*Rft, r*Rft,Pc/CcP_psia,T/CcT_K

endif

z-z+dz

if (z.le. zi) got0 450

550 conti nue
T = nml*z + bT
Pb = Pbrine(z)
I = radius(z,Pb)
write(3,500)z*Rft,r*Rft,Pc/CcP_psia,T/CcT_K
zZ =z + dz
if (z .le. zb) goto 550
endif

write(2,600)time,para(l),zi*Rft,Vtot*Rft**3/1e+6,
& Mo* Ccr g_cm3*Rft**3*1le+6/(35.3145%1e+9),
& Mc*Ccrg_cm3*Rft**x3%le+6/(35.3145%1e+9),
& Mbremove/Mbblb,para(7)
600 format(' *',£7.3,2x,£8.3,2x,f8.3,2x,£f7.3,1x,f6.2,1x%,£f7.2,
&2(1x,£f11.1))

*
write(6,600)time,para(l),zi*Rft,Vtot*Rft**3/1le+6,
& Mo* Ccr g_cm3*Rft**3%le+6/(35.3145%1e+9),
& Mc*Ccrg_cm3*Rft**3*1le+6/(35.3145%1e+9),
) & Mbremove/Mbblb,para(7)
return
end
* % %
subroutine iterate(Mnow Mnow)
*
* This subroutine performs the iteration
* for "zi" and "Pt" using the mass bal ance
f equations for brine and crude.

*

inplicit none

real *8 Pw,Rft

real *8 zt,zb,zi0

real *8 deltat, tquit, tdump
real *8 DtMb,bcleak,ecleak
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| ogi cal LPtConst,Lterm
real *8 Bcrenove, spgr
real *8 Klitho,E,mu
real *8 A_yr

real *8 El ast, nu

real *8 mT,bT

integer nrpts

real *8 bigX,bigy

real *8 Mbblb,Mbblc

real *8 CcP_psia,CcT_K,Ccrg_cm3
real *8 Crho, CP

real *8 CT,CT2,CT3

real *8 al phac, al phab

real *8 xinteg,winteg
di mensi on xinteg(5),winteg(5)

real*8 Pt,PtQ Pi,zi,tine, rsave, Psave
real *8 del tazr, Morenove, Mdrenpvet , Mcrenove, Mcr enovet

real *8 delta,error,slope

real *8 zip,zim

real *8 Pip, Pim

real *8 Ptp, Ptm

real *8 Mcp, Mem

real *8 Mop, Mom

real *8 zierr,Pterr, zi save, Pt save
real *8 Monow, Mcnhow

real *8 Mec,Mb
i nt eger icount,icount?,icount3
real *8 Pcrude

real *8 MassCrude,MassBrine

ext ernal MassCrude
ext ernal MassBrine

common/ startups/ Pw, Rft,zt,zb,zi O deltat,tquit,tdunp,

& Dt Mo, bel eak, ecl eak, LPt Const, Lt erm
& Bcremove,spgr,Klitho,E,mu,A yr,
6 Elast,nu,mT,bT,nrpts,bigX,bigy,
6 Mbblb,Mbblc,CcP_psia,CeT_K,Ccrg_cm3,Crho,CP,
& CT,CT2,CT3, alphac,alphab
common/integ/ Xi nteg, w nt eg
common/ vari abl es/ Pt,Pt0,Pi,zi,time,rsave(25000),Psave(25000),
& deltazr ,Mbremove ,Mbremovet,Mcremove ,Mcremovet
zierr = 1.0
Pterr = 1.0

Zi save = zj
Pt save = Pt
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*
icount = 0
*

100  continue

*

* set a delta on zi, put it at 0.5 ft
*

delta = 0.5/Rft
error = 1.0
*
* we need Pi for the brine iteration (varying Pt), so
* use the Pcrude equation at z = zi to produce it
*
icount2 = 0
200 conti nue
zip = zi + delta/2.0
Pip = Pcrude(zip)

Pi = Pip
call qggaus(MassBrine, zi p, zb, M)
Mop -M

zim=zi - delta/2.0

Pim = Pcrude(zim

Pi = Pim

call qggaus(MassBrine, zi m zb, M)
Mb m- Mb

slope = (Mp - Mom/(zip - zim

zi = (Monow - Mop + slope*zip)/slope

error = abs(Mnow - (NMop + Mbm)/2.0)

icount? = icount2 + 1

if (icount2 .gt. 100) then
write(6,*)’'Subroutinelterate’
write(6,%)'100 iterations on My (zi) have occured’
write(6,*)'set error = 0.0 and conti nue'
error = 0.0

endif

if (error .gt. |.QCe-6) goto 200

zierr = abs(zisave - zi)
zi save = zi

* set delta on Pt, 1 psia

delta = 0.5%CcP_psia
error = 1.0

icount3 = 0
300 conti nue
Ptp = Pt + delta/2.0
Ptm= Pt - delta/2.0
Pt = Ptp
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cal | qgaus(MassCrude,zt,zi ,Mc)
Mcp = M

Pt = Ptm
call qgaus(MassCrude, zt, zi, M)
Mcm = Mc

sl ope = (Mcp - Mcm)/(Ptp - Pt m
Pt = (Mnow - Mcp + slope*Ptp)/slope

error = abs(Mnow - (Mp + Mem)/2.0)

icount3 = icount3 + 1

if (icount3 .gt. 100) then
write(6,%)’'Subroutinelterate’
write(6,%*)'100 iterations on Mc (Pt) have occured’
write(6,%*)'set error = 0.0 and conti nue'
error = 0.0

endif

if (error .gt. 1.0e-6) goto 300

Pterr = abs(Ptsave - Pt)
Pt save = Pt

icount = icount + 1

if (icount .gt. 100) then
write(6,*) 'Subroutinelterate’
write(6,*)'100 iterations on zi & Pt have occured’
write(6,*)'zierr and Pterr ',zierr,Pterr
write(6,%)’return to mai n progran
return

endif

if (zierr .gt. 0.01/Rft .or. Pterr .gt. 0.01*CcP_psia) got0 100

return
end

subroutine qgaus(func, a,b, ss)
*

* This is the first of two subroutines

* used to performthe nunerical integrations
¥ required.

*
* implicit none

real *8 xinteg,winteg

di mensi on xinteg(5),winteg(5)

real *8 xm,xr,dx

real *8 func

real *8 a,b, ss

i nteger |

common/integ/ xinteg,winteg

xm= 0.5%(b + a)
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Xr = 0.5%(b - a)
ss = 0.0

do 100 j = 1,5
dx = xr*xinteg(j)
ss = ss + winteg(j)*(func(xmrdx) + func(xm - dx))
100 continue

*
SS = Xr*ss
*
return
end
* % *
subrouti ne qgaus2(func,a,b, ss)
*
* This is the second of two subroutines
* used to performthe numerical integrations
* required.
*
* implicit none
real *8 xinteg,winteg
di nensi on xinteg(5),winteg(5)
*
real *8 xm xr, dx
real *8 func
real *8 a,b,ss
integer |
*
common/integ/ xinteg,winteg
*
Xm= 0.5%(b + a)
Xr = 0.5%(b - a)
ss = 0.0
*

do 100 j =1,5
dx = xr*xinteg(j)
ss = ss + winteg(j)*(func(xmrdx) + func(xm - dx))
100 continue
*

SS = Xr*ss

return
end
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Appendi x B

Vari abl e Definitions and Nondi mensi onal i zation

Al t hough the definitions and nondi nensionalization of the sinplified
creep nodel's variabl es have been docurmented in the source code (Appendi x
A), these topics are addressed nore conpletely in this appendix. In
particular, all "sprecreep.1™ input variables except those involving ting,
are nondi mensionalized imediately after the program reads them The
program procedes i n nondi nensional form redinmensionalizing the output
when it is witten to the output files. The program s variables are
declared at the top of each routine in the order in which they appear in
COWON bl ocks. As the COVMMON bl ocks are organi zed by variabl e usage, it
is convenient to discuss the programis variables as they appear in the
COWON bl ocks. Any variables which are local to a given routine (i.e
not included in any COWMON block) are declared in that routine
imediately following the declarations of the COMMON block variables. In
the text and tables below, several references are nade to equations
detailed in a previous report which docunents the mathematics underlying
the sinplified creep nodel. 1 These equations are referred to with a
preceding the equation nunber from the first report (e.g.. (1-13)).

COWON Bl ock "startups"

The subroutine "start" reads and nondi nensi onalizes the di nensi ona

parameters from the "sprcreep.1" input file. This nondi mensionalization
is performed using several nondinensionalization variables. Once the
"sprcreep.1l"™ input variables have been nondi nensionalized, these
vari ables as well as the nondi nensionalization variables are nade
avail abl e throughout the program via the COMON block "startups." The
definitions and di mensi ons of these variables have been tabululated in
Table B-1.

Tabl e B-I
Vari abl e Variabl e Description Variable Dinension
Pw initial (t = 0) wellhead psi a
pressure
Rf t cavern radius ft
zt di stance from surface to the ft

top of the cavern

zb di stance from surface to the ft
bottom of the cavern
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del t at
tquit

t dunp

DtMb

becleak

ecl eak

LPt Const

Lterm

Bcrenove

Klitho

sSpgr

A yr

initial (t = 0) distance from
surface to the oil/brine
interface

time step
final time

time interval at which r(z) is
recorded in output files
"sprcreep.3" and "sprcreep.8"

brine renoval time interva

time at which to begin |eaking
oil at a rate of Bcrenove
bbl /time step

time at which to end oil |eak

| ogi cal vari abl e: i f
true (T), program cal cul ates
brine renoved every DtMb years
necessary to bring Py back to
its original value

| ogi cal vari abl e: i f
true (T), program pronpts user
(at termnal) for oil and

brine renoval information, if
false (F), program either
reads necessary information
from an input file (if
LPt Const = F) or the
information is unnecessary
(LPtConst = T)

barrels of oil to be |eaked
per time step

creep equation constant,
equation (1)

creep equation constant,
equation (1)

creep equation constant,
equation (1)

oil specific gravity
creep equation constant,

equation (1)
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ft

yr
yr

yr

yr

yr

yr

| ogi ca

| ogi ca

barrel s

psialft

psi a

nondi mensi ona

1/yr



El ast

nu

mT

bT

nrpts

bigX

bigY

Mobl b

Mobl ¢

CcP_psia

CeT K

Ccrg _cm3

Crho

Ccp

Cr2

el astic creep paraneter,
equation (2)

elastic creep paraneter,
equation (2)

salt tenperature profile
constant, equation (3)

salt tenperature profile
constant, equation (3)

nunber of points in the array
used to store r(z)

nondi mensi onal constant used
in the crude oil equation of
state, defined as "M" in
equation (I-18)

nondi mensi onal constant used
in the crude oil equation of
state, defined as "B" in
equation (1-19)

the nass of a barrel of brine

the nass of a barrel of crude
oi |

crude oil equation of state
paranmeter €.t (T), evaluated
at the tenperature at the top
of the cavern, equation (I-8)

crude oil equation of state
paraneter CcT, equation (I-7)

crude oil equation of state
paraneter pg°®, equation (I-6)

brine equation of state
constant pp®, equation (I-10)

brine equation of state
constant CgP, equation (I-14)

brine equation of state
constant cgT, equation (I-11)

brine equation of state
constant €gT2, equation (1-12)
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psi a
nondi mensi ona

K/ft

nondi nensi ona

nondi nensi ona

nondi nensi ona

nondi nensi ona

nondi nensi ona

|/ psia

1/K
g/cm3
nondi mensi ona
nondi mensi ona
nondi nensi ona

nondi mensi ona



CT3 brine equation of state nondi nensi onal
constant CgT3, equation (I-13)

al phab (pp°) (8) (CBP) (Rft) where g is nondi mensi onal
the gravitational constant,
pg® and CgP brine equation of
state constants, equation (I-
10), and Rft the initial
radius at the top of the
cavern

alphac (pc®) (8) (CcB(T(zT)) (Rft) where nondi nensi onal

g is the gravitational
constant, pp°® a crude oil
equati on of state constant,
CcP(T(z1)) a crude oil
equation of state constant
evalutated at the tenperature
at the top of the cavern, and
Rft the initial radius at the
top of the cavern

COWON Bl ock "integ"

The nodel requires several nunerical integrations to be perfornmed. This
is acconplished in two subroutines, "qgaus" and "qgaus2." These routines
require two arrays of constants, "xinteg" and "winteg." These arrays are
initialized in subroutine "start" and maintained in the COWON bl ock
"integ."”

COWON Bl ock "variabl es"
This COMWON bl ock contains the program variables which are used in

nmultiple routines but are not "sprcreep.l™ input variables. These
variables are defined in Table B-2:

Tabl e B-2
Variable Vari abl e Description Variable Dinension
Pt pressure at the top of the nondi mensi onal
cavern, zt
PtO initial (t = 0) pressure at nondi mensi onal

the top of the cavern
Pi pressure at the interface nondi mensi onal
zi interface depth nondi mensi onal
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tine tine variable yrs

rsave array which contains the r(z) nondi mensi onal
profile at the previous tine
step, used to determi ne Ar,
equation (1)

Psave array which contains the P(z) nondi mensi ona
profile at the previous tine
step, used to determ ne AP,
equation (2)

del tazr spaci ng between points in the nondi mensi ona
"rsave" and "Psave" arrays

Mor enpve mass of the brine to be nondi nensi onal
removed from the cavern at the
current tine step

Mor enpvet total mass of brine renoved nondi nensi onal
from the cavern since tine
t -o0

Mcrenove mass of the crude oil to be nondi nensi onal

removed from the cavern at the
current time step

Mcr enpvet t ot al mass of crude oil nondi nensi onal
renoved from the cavern since
timt =0

COWON Bl ock "brine"

The variables in this COMN bl ock are constants in the brine equation of
state. Each is initialized and nondi nensionalized in subroutine "start."
Vari abl es "phi," "bigI," "bigII," and "bigIII" are defined by equations
(1-27), (1-29), (1-30), and (1-31), respectively.

COVVON Bl ock "outputc™

The variables "M, " "M)," "Ve,” and "Vb," represent the nass of the
cavern's crude oil, the mass of the cavern's brine, the volume of the
cavern occupied by the crude, and the volune of the cavern occupied by
the brine, respectively. These variabl es are nondi mensi onal and used by
the "output" subroutine.

Non- COWWDON Bl ock Vari abl es

Several other variables which are not included in the COMON bl ocks but
which deserve mention are listed in Table B-3. Al though nost routines in
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the program enploy l|ocal variables, the variables listed in Table B-3
occur in the main routine

Table B-3
Variable Vari abl e Deseription Variable Dinension
DtMc time interval for renoval of yrs

crude oil (leak) when program
is operated in the interactive

nmode

MbtO initial (t = 0) mass of brine nondi mensi ona
in the cavern

MctO initial (t = 0) mass of crude nondi mensi ona
oil in the cavern

Nondi nensi onal i zati on Multipliers
Finally, the dinensions of the programs variables as well as the

parameters used to nondi nensionalize these variables have been tabul ated
in Table B-4.
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Table B-4

Di mensi on Nondi nensi onal i zati on
Multipliers
.. n P n
psia [CC(T(ZT))]
n (1 n
ft LT]
[i]u r 1 n
K T
| Cc

o

bbl

In this

1
B

t he

table, n represents

3

i nt eger

Di mensi ons of
Mul tipliers

FIEaE

necessary to acconplish

nondi rrenSi Onal | Zati on, CCP(T(ZT)) , CCT, and pC° are par aneters from the

crude oil
cavern,

equation of state,

Ris the initial
and Mblc is the mass of a barrel
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